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SUMMARY 

During the first six months of the contract period, the Research Laboratories 

have been actively engaged iu research directed toward obtaining laser host 

materials with structures having cubic centrosymmetric sites in which trivalent 

laser activating ions can be substituted. In this period, powders of perovskite- 

tvpe compounds having the general formula Ba(lP Q ^Ta^ 5)00 with B-'+» rare earth 
Y^ , Sc3+ and In3+ ions were prepared and their structures analyzed by means of 

X-ray diffraction. The studies showed that the most suitable host materials for 

this program were ife^ c'faQ OO3, Ba(Luo, 5^80.5)03, Ba(Sco# ^TEIQ^GJ and 

Ba'vIi,Q CTBQ q)0^ because they had cubic unit cells and contained ions with 

appropriate electronic configurations. These compounds have been prepared with 

Cr3+ and Nd3+ doping, and the fluorescence spectra of the Nd3+ doped phases have 

been recorded and analyzed. 

Studies involving flux growth of crystals also have been made during this 

period. In the first investigations, small, discolored crystals cf Ea(LaQ ^Ta^ OOo, 

Ba(GdGi5Tao.5)03, Ba(Luo.5180.5)03, Ba(Sco.5Tao.5)03 and Ba(Yo.5Tao.5)03 were grown 
from a BaFg flux. More detailed studies of the BaO-YTaOl^-B^Oo system showed that 

small, clear single crystals of Ba^QqTa^ 5)03 could be grown from a B2O3 flux by 

slow cooling and that larger crystals could probably be grown using a modified 

Czochralski technique. The furnace and puller necessary to grow these larger 

crystals have been designed and are presently being fabricated. 
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INTRODUCTTÜN 

From theoretical calculations and the observation that the decay time of 

Cr-J4" fluorescence increased from 3 msec when it is present :n the aluminum-oxide 

structure to ^-6 msec in the nearly cubic LaAlO^ perovskite structure (Ref. l), 

it was concluded that £1 aorescing energy states with long lifetimes should be 
obtained in materials whose structures contain the doping ionc as centers o^ 

symmetry in cubic crystallographic sites. More specifically, a laser host 

material should contain ions which are difficult to reduce, should have a 

structure with only one set of equivalent cubic centrosymmetric cation sites 

about the same size as the doping ion, and should contain an ion in these sites 

of the same valence state as the doping ion to be used so that no valence compen- 

sating iom have to be added.  If an additional stipulation is made that trivalent 

rare earth or transition metal ions be used as the laser activating ions because 

of their stability, no laser host materials satisfying all of these requirements 

were available prior to the Research Laboratories Discovery of ordering in a series 

of A{B^+o>5TaQ q)0-3 perovs' ite-type compounds. It should be recognized, however, 

that these studies were preliminary in nature. 

Under the present contract, work was initiated to prepare and re-e jnine these 

comüounds by means of X-ray diffraction. The more prciiising compounds were doped 

with Cr^+ and Nd-5* so that the fluorescing lines could be recorded, identified, 

and the lifetimes of these fluorescing states could be measured.  In addition, 

some preliminary experiments were directed toward learning how to prepare these 

compounds as doped single crystals so that more refined optical measurements could 

be made. 

SELECTION OF LASER HOST MATERIALS 

A survey was made of the various oxides in search of host materials with 

structures which contain cubic centrosymmetric crystallographic sites.  In the 

selection of host materials, consideration was given to the stability of the 

oxides and doping ions which would be most suitable for substitution into the 

oxide structure. 

Of the simple oxides, those with the sodium chloride and calcium fluoride 

structures have cubic centrosymmetric cation sites which will accept divalent and 

tetravalent ions respectively (Figs, la and lb). While several of these oxides, 

such as MgO rflth the sodium chloride structure and ThOg and Ce02 with the calcium 

fluoride structure are quite suitable as laser host lattices, the availability of 
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only a few relatively unstable divalent and tetravalent laser activating ions 

make them less desirable for the purposes of this study than host materials vhich 

will accept trivalent ions without the addition of other compensating ions. 

The more complex spinel and perovskite structures contain cubic centro- 

symmetric rites which can accommodate trivalent cations of oxide materials. How- 

ever, oxides with the spinel structure were net selected for this investigation 

because of the difficulty of introducing the trivalent doping ions in the 

octahedrally coordinated cation positions without any substitution in the tetra- 

hedrally coordinated cation site as well (Fig. 1c), Substitution of doping ions 

in two different cation sites was felt to be less probable in ABO-3-type oxides 

with the perovskite structure because the A ion is usually much larger than the 

B ion (Fig. Id).  In LaAlCK, for example, large rare earth ions have been sub- 

stituted for the La3+ ions and the smaller Cr3+ ion has been substituted for Al 

(Ref. 2). The long lifetimes of the prominent fluorescing states in the O 

doped LaAlO^ indicate that this material may be nearly the ideal host oxide for 

this study except that its structure is slightly distorted. 

Other possible host materials have become available as a result of the work 

reported in Refs. 3 and k  which demonstrated that two ions which arc different in 
size and charge could be placed in the B position of the perovskite structure. 

A recent compilation of these compounds with the general formula A(BxB')Oo, where 

B' and B'' are two different elements with different charges, reveal that over 

200 of them have been prepared in various laboratories (Ref. p). When the ratio 

of the B" ions to B' ions is two, as indicated by the formula MBQ^BQ^^OO, 

and the B' and B" ions are ordered, the structure obtained is one in which the 

cubic centrosymmetric B site is not preserved (Fig. 2a, Refs. 6-9)« However, 

when the B' and B" ions are present in equal amounts, as indicated by the 

formula A(BQ CBQ C)0-5, a common ordered structure may be adopted in which the B 

ions alternate (Refs. 10, 11); thus the symmetry about She B site is retained 

(Fig. 2b), In these ordered A(BQ CBQ c)0o-type compounds it is most desirable 

for laser applications to have barium as the A ion since compounds containing 

barium are least distorted, and tantalum y as the B" ion because of its resistance 

to reduction. The B'  ion should be a trivalent ion and should not produce energy 
levels which would interfere with those of the doping ions. Therefore, B' 

should be trivalent scandium, yttrium, or lanthanum which have rare gas electronic 

configurations, trivalert gadolinium with half filled f shells, trivalent lutecium 

with completely filled f shells, or trivalent indium with completely filled d 

shells. On this basis, the compounds selected for initial studies under this 

contract were Ba(LaOo5Ta0#5)03, BatGd^TaQ^^, Ba(Y0j5Ta0f5)03, Ba(Sc0^8^5)03, 

Ba(ln0<5Ta0f5)03, and Ba(Lu0#^0^)03. 

In searching for other host materials, similar multiple substitutions were 

considered in the sodium chloride, calcium fluoride, and spinel structures as 

methods of obtaining new ordered structures containing cubic centrosymmetric sites. 
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However, a survey of the limited amount of literature on oxides reported to have 

ordered sodium chloride and spinel structures showed that the cations were distribu- 

ted in such a w.°y that the center of syrnmetry ahout the cation sites was not retained 

(Refs. 12, 13: Figs. 3, k). 

PREPARATION ANT X-RAY AKALYoIS OF POWDER SAMPLES 

/  3+ 
Initial studies were conducted on Ba\iB~' n cl  r-)0-, ordered perovskite comnounds 

containing various rare earth ions in addition to yttrium, scandium and indium as 

the B3+ ion, so that structural Information and relative ionic radii could be ob- 

tained.  The main emphasis, however, was placed on compounds containing La^"1", Gd:5+, 

XJ  , Lu3+, In3+ and Sc34', since these ions have appropriate electron configurations 

as discussed in the previous section. 

Preparation of Perovskite-Type Phases 

Powder samples of these perovskite-type compounds were prepared following the 

dry technique of reacting solids at high temperatures. In these preparations, the 

following chemicals were used: certified grade BaC03 from Fisher Scientific, 

reagent grade Tao05., high purity 19203, Gd203, LU2O3, SC2O3. Y2O3 and In203 from 

A. D. McKay, and high purity NdgOo, Qsi^y   Dy2r-)3; Hc203^ Er203^ Tra203> ^03 from 
Research Chemicals. 

For each sample, BaCOo was mixed with the trivalent metal oxide and the 

tantalum pentoxide in a molar ratio of 2:1:1. The mixture was ground in an agate 

mortar and fired on alumina trays in a box furnace heated by Kanthal  molybdenum 

disilicide elements. During the firing cycle the samples were taken from the 

furnace and reground to insure thorough mixing.  It was found that the ordered 

perovskite phases could be obtained by firing the powders at 1100 - 12000C, how- 

ever, at these firing temperatures the samples also contained trivalent metal 

oxides or Bac-Ta^O-jr impurities. Single phases of Ba(LaQ ^Ta^^ !-)0^, .Ba(EuQ cTa^, 5)03, 

BaCUQ cTaQ c)03 and Ba(Sco<52^0^5)03 have been prepared by firing'at 1560
oC. The 

compound containing indium is an exception, however, requiring a firing temperature 

of only 1^000C. All other compounds have been obtained sufficiently pure so that 

lattice parameters for the perovskite phases could be determined. 
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X-ray Analysis of Perovskite-Type Phases 

All samples were examined by powder X-ray diffraction methods using a Philips 

ll'+.b mm diameter camera and copper Ate radiation. The lattice parameters were 

determined and diffraction line intensities were visually estimated for each 

compound m  shown in Tables I and II.  It was found that compounds containing the 

larger trivalent cations were distorted from cubic symmetry. The X-ray pattern of 

Ba(La^ CTBQ 5)00 had an orthorhombic unit cell and the X-ray pattern of 

Ba(Gdn r-T&n  c)0o was indexed on a tetragonal cell. These data are given in Table I. 

The samples containing trivalent cations with sizes between those of La3 and Gd0 

have not been obtained pure enough to identify their unit cell distortions, 

Ferovskites containing ions smaller than gadolinium exhibit cubic symmetry (see 

Table II). 

From Tables I, II and III it can be seen that the intensities of the ordering 

lines (when h^ k and /L are odd integers) in the X-ray patterns of the perovskite 

phases correlate well with the differences in atomic scattering factors for the 

trivalent cations and Ta5+. As this difference decreases, it becomes more difficult 

to observe ordering lines in the X-ray patterns, and where this difference is only 

1 or 0 the ordering lines were not seen on the films at normal exposure times.  It 

is felt, however, that ordering of the B ions does persist throughout the series. 

This conclusion is based on a number of studies at the Research Laboratories which 

showed that the difference in size of the B ions has to be very small before they 

will distribute themselves randomly in the B position of the perovskite structure. 

Using a plot of (volume)-1-^ vs ionic radii of the B3+ ions as given by Ahrens 

and obtained from a study of Ba(B3+Q cNbQ OOo-tyoe compounds (Ref, ll), the 

effective radii of the trivalent ions used in this study wer. determined (see 

Fig. 5)» Table IV presents the radii as determined by Ahrens, the radii as deter- 

mined from unit cell data for Ba(B3+Q rNb^ c)Oo-type compounds and the radii found 

in this study for the B^+ ions. Note that the agreement between these values are 

quits good except for that determined for Sc3+. Scandium ions appear to have a 

much smaller effective ionic radii in these ordered perovskite-type compounds. 

Preparation of Doped Perovskite-Type Phases 

Of the various perovskite-type compounds with the general formula 

Ba(B-J+(-! cTar, c)0-, and containing B^"*" with the appropriate electron configuration, 

only Ba(Y0#5Ta0<5)03, Badu^Ta^^, Ba(ln0#5Ta0f5)03 and Ba(Sc0#5^5)03 

were found to have cubic unit cells. These phases were doped with Cr^+ and Kd^+ 

ions and obtained as single phases by firing the stoichiometric mixtures at I58O - 

l650üC, except in the cases of the samples containing indium where a firing tempera- 

ture of li+00oC was sufficient. Table V shows the phases prepared and the firing 

temperature used to prepare rhem„ 
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CRYSTAL GROWTH F^fERIMENTG 

Melting Behavior of BaCYy cTa0 c)©^ 

Initial crystal growing studies were conducted on Ba(YQ CTSQ^OO, However, 

before attempting to grow crystals from a liquid phase, it was necessary to obtain 

information on the melting behavior of the compound in order to determine which 

of the several crystal growing techniques would be most applicable and which 

container materials could be used. 

J]a(Yo,5Tao.5)03 was prepared by reacting BaC03, £2^2  and T92O5 for several 
hours at l600oC,    An X-ray powder diffraction pattern was obtained for the 
material, and no extraneous lines were present. Attempts were made to measure the 

melting point of this material by placing a small piece (average dimension, l/l6 in.) 

on an electrically heated platinum strip, and sighting on the sample with an optical 

pyrometer. No melting of the sample was observed at the temperature at which the 

platinum strip fused. An iridium strip (MP = 2h'jk0C)  was substituted for the 
platinum and again the otrip failed before any melting of the sample was observed. 

The last temperature reading made on the sample before the strip failed was 22000C, 

A piece of sintered Ba(YQ CTBQ c)0o was then broken so that a sharp corner was 

obtained  This corner was heated with a propane-oxygen torch and observed with an 

optical pyrometer. Some liquid formation wae observed at a nominal temperature 

about 22000C. When the material had cooled to room temperature, the fused corner 

was broken off and X-rayed. The pattern of the recrystallized material indicated 

the presence of perovskite and a second phase which was recognized to be an isomorph 

of BaTa^Og (see Appendix l). The presence of the second phase in the recrystallized 

material cannot be taken as an indication of incongruent melting of the perovskite^ 

and later phase equilibrium studies lr the system BaO-YTaO^-BgO^ (Appendix l) 

clearly indicate the congruent melting behavior of Ba(YQ CTEQ c)0o.  It may be 

assumed, however, that the stoichiometry oi the melt is lost because of incongruent 

vaporization. 

From the above observations it was concluded that laboratory techniques in- 

volving crystallization from the melt were impractical for this material. The 

standard Czochralski technique was eliminated because of the unavailability of a 

suitable container, and the Verneuil technique also was eliminated because of the 

difficulty of maintaining correct stoichiometry. For these reasons the flux- 

growth technique, using sxov  cooling or a modified Czochralski technique, was 

selected as the most practical method to pursue. 

6 
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Pre.-iminary FiUK-Growth Experiments 

Initial attempts to grow crystals of pcrovskite-type compounds of the general 

formula BaCß^ ^Ta^ ^Oo were ^.ade by the slow cooling technique using a number of 

different iluxef. Single crystals of similar materials were obtained using this 

method just prior to the start of this contract. This information is presented 

in Appendix IT, 

Compositions were prepared from C.P. grade BaCO«, TaoO^,   and the appropriate 
rare earth oxides. The batches were prefired to react the starting materials, 

and then mixed with various amounts of flux, placed in platinum crucibles, and 

subjected to a given temperature cycle in a resistance furnace controlled by a 

hermovolt model AZR-2kJ&  cam controller. 

• 

The batch composition, various heat treatments, and observations are given 

in Table VI. The best results were obtained using BaFg flux, from which pmaii 

crystals of Ba(L80i 5!^ 5)03, Ba(Gd0i ^a^ 5)03, BafLu^ ^Ta^ 5)03, Ba(Scn. 5Tr0# 5)0^, 

and BatYQ^TaQ^O^ were grown# A photograph of Ba^o. ^Ta^ 5)03 crystals is shown 

in Fig. 6. All of the cry&Lals were strongly discolored, probably üs  the result 
of the incorporation of platinum, which is known to have an appreciable solubility 

in BaF2. The crystals were generally found in the lower region of the crucible, 

primarily near the crucible walls, in a matrix fine-grained polycrystalline 

perovskiLe phase and flux. Moreover, close examination of the crystals disclosed 

that the great uiajority of them were twinned. These observations suggest that all 

of the perovskite had not dissolved in the flux at the soak temperature. Prior 

to the slow cooling portion of the temperature cycle, the condition prevailed 

wherein the molten BaF2 was saturated with perovskite end in equilibrium with fine- 

grained perovskite that contained a number of twins.  Daring the cooling cycle, 

presumably due to faster kinetics for deposition of dissolved perovskite on the 

twinned seeds, the latter grew at a considerably greater rate than the untwinned 

seeds.  However, because of the relatively large number of twinned seeds, and the 

competition for material by the vastly larger number of untwinned seeds, none of 

these crystals grew to a large size. While these crystals were satisfactory for 

X-ray studies, they were not suitable for optical measurements. 

Crystal Growth Experiments Using a BaF2 Flux 

Solubility of Ba(Y0 ^TaQ OO3 in BaFo 

The preliminary flux growth experiments indicated that BaFg was saturated 

congruently witn BaiYQ^Ta^^^Oo,   but that apparently undissolveC perovskite was 

present in the melts. The solubility of Ba^Yot s^O. 5)^3 W£ib determined experi- 
mentally to confirm the aoove conclusion and to yield data to ^uide subsequent 

crystal growth runs in this system. 
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A 25 ml platinum crucible was filled with SaFb by charging and melting in a 

resistance furnace until the crucible was about iA full, A sintered sajnple of 

Ba(Yn r-Ta^OCK was placed in the crucible for the final charg. ng.  The crucible 

was then transferred to a vertical tube furnace, and Pt/Pt-10^ Rh thermocouple 

was inserted into the melt.  Trie melt was allowed to soak at constant temperaturCj, 

a-d stirred periodically with l/8 in. O.D. platinum tube. After various times of 

soak at vai lous temperatures, the platinum t.ube was inserted about \/k  in, below 
the surface of the melt, and a sample withdrawn for spectrochemical analysis 

The chemical analysis for Y and Ta of samples withdrawn at various tempera- 

tures are given in Table VII.  The data indicate a reasonably constant ratio of 

about 2.5 moles of Ta per mole of Y.  Such a result is inconsistent with the 

previous observation of congruent saturation of EaF^ with perovskite, and may be 

due to the depletion of yttrium at the surface of the melt due to the higher 

volatility of YF3.  On the assumption that the experimental solubility data for 

Ta are a valid measure of the solubility of Ba{yo Ta0 £-)0-1 in BaFp, the solubility 

curve shown an Fig. 7 was drawn.  The excellent agreement between the data obtained 

by approaching temperatures from above with the data obtained by approaching 

temperatures from below is an indication that equilibrium had been attained.  It 

can be seen from Fig. T that a. 14000C Ba(Yo. 5Taoi 5)03 is soluble in Ba^ only to 

the extent of 3.5 weight ; >rcent, thus confirming that an excess was present in 

the previous crystal growth runs. 

Attempts to Nucleate Ba( YQt ^Tap^Qß Crystals from a BaFg Flux 

Using the solubility data shown in Fig. 7 as a guide, attempts were made to 
nucleate and grow Ba(YQ rTaQ c)0o crystals from a BaFp flux, 

Slow_Cooling_Method 

Because of the steepness of the solubility curve, difficulty was anticipated 

in nucleating only a few crystals from an undercooled melt, an essential condition 

for obtaining large single crystals by this method.  For this reason, a special 

furnace was built in which very accurate temperature control could be obtained 

during the cooling cycle. A Leeds and Northrup Speedomax type G program con- 

troller, in conjunction with a L. & H, Series 60 proportional control unit, and a 

6 K?A General Electric saturable reactor, Model 69-6217, was used to control 

power to a Globar heated furnace. Temperature up to about 15500C and coaling 
rates from 1 to 120oc/hr could be obtained, 

A 100 ml platinum crucible was filled witn 239 g of BaFg, and 12.6 g (5 weight 

percent) of prereacted Ba(YQ CTSQ rjOo, and covered with a tight fitting lid to 

minimize vapor loss. The temperature profile of the furnace was determined, and tne 

crucible positioned so that the bottom was about 20 C cooler than the top. Tr.e 

8 
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o - 
furnace was then heated to 1530 C, allowed to soak at temperature for 8 hours and 

then cooled at 30c/hr to 1300OC.  The cooling rate was then increased to 120oC/hr 

and the furnace cooled to room temperature. 

No crystals of sufficient size to be readily distinguished wore found in the 

crucible. X-ray diffraction patterns of material from the \ipper portion of the 

crucible shoved only BaFp, while patterns of material from the bottom of the 

crucible showed BaF2 and Ba(YQ cTaQ^Oo.  Several additional attempts were made 

to nucleate and grow perovskite using this technique, but also without success. 

There appears to be a severe nucleation prob:.?m in this system, probably connected 

with the very steep solubility curve and low critical undercooling so that a great 

number of crystals, rather than a requisite few, precipitate on cooling at nearly 

the same time. 

Modified Bridgjaan Technique Using Boron Nit ide Crucibles 

Because of the nuci it ion problem encoun ered in the normal slow cooling 

method, attempts were made to grow Ba^Q^Ta^ O^b from a BaFj flux by cooling a 

properly shaped crucible in a temperature gradient.  Boron nltr.   crucibles were 

selected because long-term compatioility tests showed that BaF2 could be contained 

in BN crucibles without any visible attack, and because of the ep^se with which it 

can be machined to shape. A BN crucible of the geometry shown in Fig. 8 was made 

and filled with 25 g BaF2 and 1.25 g Ba(Yot 5Tao# r,^.  It was inserted in a 

specially constructed chamber that permitted the crucible top to be screwed in 

place under vacuum. The crucible was held in a previously determined position 

inside a vertical tube furnace such that a temperature gradient of about 10 C per 

inch would exist across the crucible at elevated temperature. The furnace was 

heated so that the lower tip of the crucible attained a temperature of 15870C, 

and after a soak period of 15 hours was cooled at a rate of 30C/hr to 13000C, 

and then cooled rapidly to room temperature. 

Examination of the crucible and contents disclosed that no large oxide crystals 

had been grown. The flux contained many small metallic flakes, and on the flux 

surface similar flakes were found about ': to 3 ^m across. X-ray analyses showed 

these flakes to be TaB, indicating a reduction of the Ta^+ ions in the melt by 

the BN.  No attempts have been made to repeat this experiment using other crucible 

materials. 

Crystal Growth Experiments Using a E^O^ Flux 

Because of the nucleation problems encountered using BaFo as a flux, it was 

necessary to find a more suitable flux for Ba(YQ CTBQ c)0q. Oxide fluxes were 

conbidered since it was assumed that the solubility would be higher and nucleation 
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problems would be less severe. Of the low melting oxides, FbO, BinO-jj VgOcj and 

BgO^j the first, three have cations fch^t would enter the perovsKite structure, artd 

for this reason were eliminated. Studies were undertaken to delineate phase 

equilibrium in the system Baü-xTaO^-BoO^ and the results are reported fully In 
Appendix 1, 

Slow Cooling Experiments 

Quench data for the join Ba(¥Q STSQ OO-s-BgOo were used to select crystal 

growth conditions. A mixture of 37382g BaCO^, 21.152g TagOc, 10,82g Y20^,  and 
8,752g EoO-j fl2,5 weight percent BgOo on a fired basis) was mixed, pressed into 

pellets and fired slowly to 10000C„ The fired product was reground and melted into 

a 15 ml platinum crucible. The crucible was then placed in a vertical T-bar tube 

furnace, the power to which was controlled by a Leeds and Northrup Speedomax 

Type G program controller. Series 60 proportional controller, and Fincor FDGI 

saturable reactor„ The furnace was heated to l6330C, soaked for 10 hours, then 

cooled at 20C/hr to I^IO^, At the latter temperature an attempt was made to 

withdraw the crucible from the furnace in order to decant the remaining liquid, 

but some material from the crucible had apparently been spilled onto, and reacted 

with, the furnace muffle and crucible support so that the crucible could not be 

withdrawn. The furnace was cooled to room temperature and the muffle was removed 

and sawed apart to remove the crucible. 

Examination of the crucible and contents disclosed some colorless cubic 

crystals about 2 mm on edge adhering to the crucible walls above the level of the 

remaining charge. The crucible was immersed in boiling water to see if the matrix 

material was water-soluble; it was not. The crucible was then immersed in hot 

dilute nitric acid to see if the charge could be freed, but this treatment severly 

etched the cubic crystals, as well as the charge. The crystals were then broken 

from the crucible wall, and in the process were fractured. However, a fragment 

was X-rayed and proved to be Ba( 10.^0,5)03, The charge was further etched in 

nitric acid to break down the matrix material. This treatment disclosed several 

large crystals but they were so badly etched that their morphology was no longer- 

apparent. Furthermore, they could not be removed from the matrix by mechanical 

means without being fractured. 

Although crystals could not be extracted from the matrix, it is apparent from 

this run that perovskite crystals can e nucleated and grown from the B^^O^  flux. 
The X-ray data obtained from the flux grown crystal indicate that the latter has 

the same cell size as material reacted in the solid state from the components, and 

that no distortion is introduced, also, the crystals grown from BgO^ In platinum 

crucibles are clear rather than discolored as was the case for crystals grown from 

the BaF2 flux, 

10 



Transrer Across a Tenrperature G-radienT: 

It is planned to attempt to grow large single crystals of the perovskites by 

the modified pulling technique eirployed by Linai es (Ref. lh)  in the growth of 
garnets. In this technique, nutrient dissolves in the hot region of a crucible 

and diffuses down a temperature gradient maintained across the solvent medium, 

and deposits on a seed at the cooler rrarface of the solvent.  The seed is rotated 

and slowly withdrawn as growth occurs.  In this technique the temperature profile- 

across the solvent is critical.  If the surface temperature is too low, so that 

the solvent there becomes critically supersaturated, spontaneous nucleation will 

occur resulting in polycrystalline deposition. The proper temperature difference 

between surface and nutrient must be determined experimentally.  Some preliminary 

experiments involving gradient transport have been performed. 

In this study, a solvent medium of composition 20 weight percent IgO^ was 

prepared, and 100 g of this was melted into a 50 ml platinum crucible using a 

Tocco Model P-10-328 induction unit; the crucible served as the susceptor. To 

this was added pieces of prefired Ba(l^ C!BBQ c)0o totaling 100 g. Thus; the gross 

composition was 10 weight percent 2^03.  It can be seen from Fig. 20 (Appendix . ) 

that in the temperature range 1350 to about 1700ÜC, an excess of perovskite will 

be in equilibrium with liquid of compositions ranging between about 10 and ll 

weight percent B2O3. The crucil^e was heated to about. lU90oC and the temperature 

profile measured.  The vertical gradient was determined by inserting a Pt/Pt-10^ Rh 

thermocouple down the axis of the crucible to various depths in the liquid, and 

the surface temperature profile was obtained with an optical pyromster. From these 

measurements it could be inferred that the temperature distribution in the crucible 

was approximately as shown in Fig. 9a. A similar temperature profile was obtained 

with the crucible at a temperature of about lkk30C as shown in Fig. 9b.   Convec- 

tion currents could be seen on the surface of the liquid that indicated the lines 

of flow shown on the above figures.  Crystallites could be observed apparently 

forming at the surface and building up a polycrystalline island about the axis of 

the crucible. A thermocouple bead was held just in the surface of the liquid, and 

crystallites allowed to deposit on it: these were X-rayed and determined to be 

A platinum co\ er with a 77-in. hole in the center to permit entry of the thermo- 

couple was fitted to the crucible to serve as a radiation shield, and the vertical 

tamperature gradient was again measured. The surface profile could not be measured, 

but the temperature distribution in the crucible was inferred to be as si own in 

Fig. 9c. The thermocouple bead was again left just below the surface of the melt. 

After one hour, no material had deposited on the bead. One hour later, a small 
deposit had been collected. 

11 
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When the surface of the melt was about 80oC cooler than the "bottom of the 
crucible^ apparently spontaneous nucleation occurred indicating that the surface 
was critically undercooled. When the cover was placed on the crucible, the 
difference in temperature between bottom and surface was reduced to about 30 0. 
Although a visual observation of the surface was then impossible, the long time 
necessary to pick up a deposit on the thermocouple beads suggests that the sur- 
face ;.ayer was not critically undercooled. 

OPTICAL MEASUREMENTS 

This section describes the apparatus^, techniques, and some results of experi- 
mental observations of optical measurements taken on powders of doped BaCB^'cTaQ 5)0-5- 
type phases. With the equipment presently available, optical absorption spectra 
and absorption coefficients can be obtained on clear single crystals. Fluorescence 
emission spectra, the line width of each prominent fluorescing line, and the life- 
time of the prominent fluorescing state can be obtained on either single crystals 
or finely ground powders. All of these measurements may be carried out at both 
room temperature and liquid nitrogen temperature. 

Apparatus and Procedure 

The UAC Research Laboratories' Gary Model Ik  spectrophotometer covers the 
i860 A to 2.63M  spectral range with automatic range change for switching the 
high-intensity hydrogen lamp in the ultraviolet, a high-intensity tungsten lamp 
in the visible range, and a separate tungsten lamp for the infrared region. The 
resolving power of the Model Ik  is better than 1.0 A in the ultraviolet-visible 
region and better than 3.0 A in much of the near infrared. The wavelength scale 
is accurate to better than h.O  A with a reproducibility better than 0.5 A. The 
photometric circuit and signal identification system is phototube shot-noise 
limited to give optimum signal-to-noise ratio. This instrument employs a double 
monochromator consisting of a 30° fused silica prism in series with a 600 line/ram 
echelette grating, each with its own collimating mirrors and tlit system. This 
combination of dispersing elements provides tne high resolving power and lew 
temperature coefficient which are available with the grating at long wavelengths 
and at the same time retains the high optical efficiency and low scattered light 
characteristic of the prism monochromator. Both halves of the monochromator 
operate with an aperture ratio of f/8, the focal lengths being 30 cm for the prism 
collimator and ho  cm for the grating collimator. The monochromator has 2-cm long 
slits, leading to high light gathering power. 

12 
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The spectrophotometer is utilized for performing transmission, absorption, 

and reflecrcivity investigations of crystals and dielectric reflecting coatings. 

Its optical measurement capabilities have recently been greatly expanded. The 

Gary spectrophotometer has been fitted with additional apparatus to allow 

continuous recording of fluorescence emission spectra of crystal or powder 

samples. An RCA 7102 photomultiplier detector having an S-l spectral response 

is used to provide the recorder signal for this mode of operation.  This detector 

is cooled near liquid nitrogen temperature to reduce thermal noise when maximum 

gain is required. This allows observation of fluorescence emission from ?000 A. 

to 1.2 microns wavelength. A 200 watt mercury-xenon arc lamp is used as an 

excitation radiation source lamp. A set of multiple-dielectric interference 

filters, in addition to glass and liquid filters, is employed to control the 

band pass of the pump light. 

An additional source for use in determining average lifetLaes of excited 

states of impurity ion electrons has been constructed.  It consists of a high- 

pressure xenon flash lamp and power supply designed to give it peak light output 

for 6 microseconds and decay to less than one-third that intensity in less than a 

microsecond. The intensity decay of the source lamp and of the sample fluorescence 

line are displayed on a dual-beam oscilloscope screen. Two special dewars to cool 

sample materials have been designed and fabricated so that optical absorption, 

fluorescence, and lifetime measurements can be made at temperatures down to TT0K. 

For optical absorption measurements the Gary can be used in its normal mode 

of operation as a double monochromator. Single crystal samples with a diameter 

of 5 mm or more and thickness from several milll-neters to several centimeters 

(depending on the impurity ion concentration) can be readily investigated. The 

unit is calibrated to read directly in absorption units with fou. different scale 

ranges: 0-0.1, 0.1-0.2, 0-1, and 1-2. Absorption or density units are defined 

in terms of the transmission as the logarithm of the reciprocal transmission. The 

sample is ground with reasonably flat and parallel ends and is positioned so that 

one of the monochromator beams must pass entirely through it. An SP28 photo- 

multiplier, a thermo]lie, and a lead sulfide cell serve as detectors over different 

portions of the spectrum. Tims the absorption bands and absorption coefficients 

of optical quality crystals may be easily found in the near ultraviolet, visible, 

and near infrared spertral regions. 

fluorescence emission spectra are obtained by front lighting the sarrmle and 

detecting the selected emitted light with a cooled 7102 photomultiplier tube 

connected to the Gary amplifier chain. The detector is also electrostaticrlly 

and magnetically shielded. The d-c excited Hanovia source arc is imaged upon the 

sample at angles several degrees off axis to the Gary optics and the normal of 

the sample face. This is accomplished by a front-surface spherical condensing 

mirror with a central window.  Fluorescence emission which leaves essentially 

normal to the sample face is then collected and analyzed in the instrument, 

13 
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This  eyste» is ideally suited for the use of powder samples "because only 
the front, surface JU Illuminated and little transmission of excitation or emitted 

radiation through the sample medium is required.  These scunples are prepared 

either as a compressed tablet or as an opaque coating on a glass microscope slide. 

A sample under observation is held in contact with an arm of a stainless steel 

dewar with silicon grease.  Combinations of liquid, colored glass, and multiple 

dielectric interference filters are used to select the pump light band pass. An 

alternative method of selecting excitation wavelengths is to use a second mono- 

chromar.or system as Murphy et al do (Ref, 2).  Such an arrangement was tried but 

the Baush and Lomb instrument used was not optically fast enough to be efficient 

in this applicatiorK  Copper and nickel sulfate solutions have been found to be 

useful absorbers in the long wavelength visible and infrared. 

For lifetime measurements the sample is held the same way as above, but the 

arc lamp is removed and an E.G. and G. FX-12 xenon flash tube is substituted in 

its position.  It is fired at 1000-2000 volts with 1,5-6 Joules input.  Its 

output spike is very sharp, but the afterglow has about a 35 f^sec  duration. How- 

ever, even this can be neglected in view of the much greater excited state life- 

times. The 7102 signal is then fed directly to a Tektronix 551 oscilloscope and 

both the decay of the source light and the decay of the sample emission at a 

particular wavelength setting are recorded on a Polaroid Land print. The 

aveiage lifetime is then measured as the sweep time required for an Intensity 

fall of one logarithmic decrement. 

Optical Measurement Data on Powders of Perovskite-Type Phases 

Preliminary data were obtained initially to check out the accuracy and re- 

liability of the instrumentation and procedures. A set of measurements wltu 

single crystal Al^O-^Cr--4" was made and compared with published results.  Similar 

data were taken with Nd3"i" doped barium crown glass and were also found to agree 

with other work (Refs. 15 16 and 1?). 

Tne fluorescence emission data for Nd^ in the first set of perovskite-type 

powders are summarized in Table VIII,  In most instances the fluorescence lines 

are broad. When they overlap significantly no half-intensity point line widths 

are listed. The spectrophotoraeter tracings from which these numbers are taken 

are illustrated in Figs, 10-15 and are discussed below, 

A powder sample of Ba(Sc ^gNd^QpTa CQ}0T shows the transitions Fq/o ^0 

IQ/O 
an^ ^o ^ll/2 appearing at 0,877 and .1,060 microns, respectively, at 

room temperature.  These prominent peaks are displayed in Fig, 10, A third 

peak which does not appear to belong with either of these is situated at 0.977 

roicro&Sa This line grows as the sample is cooled and appears centered at O.985 
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microns in Fig, 11, Although a source line is known to exist in this region, the 

sensitivity and filtering are adjusted so that a reference base line is obtained 

with a block of compacted, finely ground magnesium carbonate powaer which has a 

reflectivity of 90^ here. No reflected source peak is obtained at either tempera- 

ture at the settings which produced these traces. At the lower temperature the 

previously mentioned transitions also appear more intense and more nearly equal 

in magnitude. The lower energy transition appears to shift slightly. Both 

figures were obtained with the same Instrument settings. 

In these plots of relative intensity vs wavelength, the vertical scale is 

actually indicating decreasing density from bottom to top. This logarithmic 

scale is converted to linear transmittance values in Table VIII under the heading 

of relative intensity and for determining half-power widths. 

Figures 12 and 13 show similar spectrophotometer traces for a Ba(Yj2+Q5Nd-;o05 
Ta.500)03 pellet sample at room and liquid nitrogen temperatures. The intensity 

of the 1,06 micron line for the sample with the smaller impurity ion concentration 

is decidedly weaker than the others, 

A pellet of Ba(Lu j^gNd QgTa KQ)0O produced the results in Figs. 1^ and 

15 which are plotted on an expanded scale. The peak near O.89 micron at the 

warmer temperature is practically lost in the broad line centered near O.98 

micron. The entrance slit settings were different for these two traces and 

relative intensities cannot be directly compared. No fluorescence emission 

dat-i were obtained witn a sample of Ba( In^gNd^02
Ta.50'03 at  either temperature. 

This study will continue with the collection of more spectral data and the 

determination of the dependence of lifetimes on the crystalline host character- 

istics and on the temperature. 

FUTURE WORK 

During the next period, powder samples of Ba(YQ ^TaQ c)0o, Ba(LuQ cTaQ OOo 

Ba(ScQ4^TaQ^)C^ and Ba( InQ^TaQ^O^ will be doped with several different 

concentrations of NdJ+ and Cr^"*- and their optical properties will be measured 

with particular emphasis being placed on obtaining lifetime data.  In addition, 

some measurements will be made on Fe  and other rare earth ion doped materials. 

X-ray investigations will be conducted on these samples to determine which 

crystallographic sites the doping ions enter. 
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Later studies wilx  .elude attempts to grow crystals doped with the more 

promising laser activating ions, which will be selected using optical data obtained 

for powder samples. 

Attempts also will he made to grow single crystals of Ba(YQ cTaQ c)0^ using 

the data obtained from the phase studies in the BaO-YTaO^-BgO^ system as a guide. 

These studies (Appendix I) nhow that optimum flux growth conditions for 

BaCYO-,^30,5)03 are obtained for composition lying on a line between the latter 

composition and a point 59 weight percent BaO_, 20 weight percent YTaOii and 21 

weight percent BoO^. This composition will be used to nucleate grow and extract 

Ba(YQ rT8Qor-)Cb crystals by the slow cooling technique. A rotating crucible holder- 

has been built and installed in a program controlled globar furnace so that the 

llquj  phase can be poured off the crystals at the end of the slow cooling cycle. 

A diagram of this apparatus is shown in Fig. l6. The alumina tube extends through 

the furnace wall and is rotated by inserting a keyed plug into ;he keyway of the 

tube. The decanted liquid is collected in a 100 ml crucible placed below the holder. 

It is anticipated that crystals will be obtained which are suitable both for optical 

property measurements, and as seeds for pulling large crystals from the flux in a 

thermal gradient. For the latter process, a resistance heated gradient furnace has 

been built to the design shown in Fig, IT. The fine brick plug in the bottoi,, of 

the furnace can be accurately positioned so that a desired temperature profile in 

the melt can be reproduced. The furnace is powered by a 1,5 KVA saturable reactor 

controlled by a West Gardsman proportional controller. Measurements are currently 

being conducted to determine the temperature profile in a melt for various 

positions of the crucible, 

A crystal puller capable of pulling speeds down to 0,001 cm per hour, and 

rotation speeds between 60 and 600 rpm is in the design stage.  In the event that 

suitable seed crystals are not obtained by the slow cooling technique, strontium 

titanite single crystals will be used. 
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APFENDIX I 

PHASE EQUILIBRIA IN THE TEPaNABY SYSTEM BaO-YTaOi+-B20;, 

Preliminary evaluation of BgO-. as a candidate tlvx  for Ba(YQ-i^TaQ c)0v 
indicated that the perovskite type compound has a primary phase region on tbe join 

Ba(Yo tTaQ cOO^-BoO existing at temperatures above approximately 1350° C, and indi- 

cated "that 'for sorce'unknown compositions in the quaternary system BaO-^Oo-TagOr-BgO?, 

the primary phase region must extend as low as 1000° C Because of the aovantages 

to be gained by crystal growth from a flux at the lower temperatures, systematic 

studies of phase equilibria were undertaken to delineate the primary phase region 

on the plane BaO-YTaO^-BgOn. 

Preparation and Experimental Techniques 

Compositions were prepared from reagent grade barium carbonate, yttrium and 

tantalum oxides, and anhydrous BpCu. For each mixture, the calculated amounts of 

the components were ground together under acetone, dried, and pressed into pellets. 

The pellets then were heated slowly and held for several hours below the melting 

point of BpO ; the temperature was then increased to a final temperature below 

the solidus, in most cases about 900° C For compositions along the Join BaO-YTaO^. 

the pellets were heated rapidly to 1^50° C and held 6 hours, then normally cooled 

and X-rayed. 

The furnace used in most of the quench runs was a Globar heated vertical tube 

furnace. Temperature was maintained to within 2 degrees of the desired temperature 

by a Honeywell Pyr-o-Vane controller. For quenches from temperatures above 1^00° C, 

a cylindrical T bar heated furnace controlled by a saturable reactor power supply 

and Leeds and Northrup program controller was used. The quenching apparatus con- 

sisted of a length of four-hole aluminium thermocouple tubing: the leads of a 

Pt/pt-lO^i Rh thermocouple passed through two of the holes, and lengths of 20-mil 

Pt-10$ Rh wire passed through the remaining hcles. The upper ends of the latter 

wires were connected across an auto-transformer, and a short length of 10-mil 

platinum wire was affixed across lower ends and supported the quench envelope. 

Vihen it was desired to quench the sample, a current was sent through the 10-mil 

platinum wire, which fused, letting the quench envelope fall into a beaker of water 

or mercury. 

One end of a 5/8-in. length of 3 mm platinum tubing was crimped shut and 

folded back. The desired prereacted composition was loaded into the tube, and 

the top similarly crimped:  a short length of Pt wire was crimped in place when 
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the top was folded dovm, and fastened to a small aluminum groirunet through which 

passed the fuse of the quench apparatus. Thus the quench sample was within 0.?5 

Inch of the read-out thermocouple. 

In instances where there was considerable liquid formed at the quench 

temperature, some leakage would frequently occur from the quench packet.  For this 

reason, in the higher temperature runs the packets were evacuated and welded shut 

in an electron beam welding apparatus. 

The t.aaples from the quench runs were ground in an agate mortar, and examined 

under the petrographic microscope. The indices of refraction of glasses, and of 

glasses in equilibrium with primary crystals, were measured by the oil immersion 

technique. X-ray powder camera diffraction photographs also were obtained on 

quench samples for crystalline phase identification. 

The phases present and indices of refraction of glasses for various mixtures 

at various temperatures as determined by examination of quenched samples are 

recorded in Table IX. 

Mixtures which contained less than about 15 percent BpOn could not be 

quenched to clear glasses because of rapid devitrification, but always showed ti1" 

presence of fine quenching crystals, as shown in Fig. 18.  A similar phenomena 

was reported by Levin and McMurdie (Ref. l8) in the system Ba0-Bo0,. The presence 

01 quenching crystals in the glass makes the index measurements unreliable. 

However, these quenching crystals are readily distinguished from primary crystals 

in the glass as shown in Fig. 19- 

The Primary Phases Bounding the Perovskite Field 

YTaO^ 

Ferguson  (Ref.   19)   synthesized YTaO^ by arc  fusion at about 2100° C,   and gave 
the  indexed X-ray pattern shown in Table X.    TTaCh   prepared in this laboratory by 
solid state reaction  at  l^OOHG  is  similar to Ferguson's pattern,  bit  shows  some 
additional lines.    Furthenaore,  YTaOj   grown as primary crystals  in a BpO-, flux 
at 101^° C  (sample 6^-331^   in Table  IX)  and at I3680 C  (sample 65-015a)  shows 
the  same X-ray pattern as that  obtained from the  l^OO^t  solid state  reaction.     For 
this reason it  is unlikely that the  additional lines  in the  lower tempera+ure 
pattern are due to a second phase  or to  impurities,   and  it   is tentatively con- 
cluded that YTaOi   exists  in a high temperature and a low temperature modification, 
with the lover temperature  form displaying a lower symmetry. 
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BaTooQc  -  Derived Solid Solutions (oiPhas 

Galasso, Kat2 ana Ward (Ref. 20) prepared BaTao0,,- by reacting BaCCL. and Ta^O. 

at 1100° 0)  and showed that it was isomorphous with the tetragonal tungsten bronzes 
(Ref. 21), having parameter a = 12.60 A ana c = 3.95 A. They also showed that 

i nfl 1 this compound could be prepared with a considerable  oxygen deficiency,  thu 
eating a ^road homogeneity range  for the  structure. 

The X-ray data for corapositiorg along the  join BaO-YTaOi.   (Table  IX,   samples 
64-322,   323,   324,  and 325)  indicates that  a phase isomorphous with BuTa-,0.   occurs 
at  compositions around 88 \    .gut percent YTaO...     It may be assumed that this com- 
position is  simply a n.eiPber of a  solid solution continuum extending from uaTa-.O.-- 

made 
iary 

system. The lattice parameters of the solid solution in equilibrium with perov- 

skite and liquid at 1025° C calculated from the X-ray data for sample 6^-3650 

were found to be a = 12.68 ^ and c = 4.00 A, indicating that the cell size is 

increased with yttrium in solid solution. 

out into the ternary diagram EaO-Y^O -TagO^- but as yet no attempt has been m 

to accurately define the homogeneity region of solid solution in this ternary 

Ba^Ta^Q-^ ((9 Phase) 

Galasso and Katz (Bef. 22) prepared Ba^Ta, 0-, ^ and found it to belong to the 
trigonal system, the axes of the hexagonal unit cell being a = 5.79 A and c = 11.75 A. 

Anion deficiency could be produced by preparing the compound with tetravalent 

tantalum, thus indicating a considerable homogeneity range. A phase isomorphous 

with Ba^Ta^O-jr was found to have a narrow primary field in the system BaO-YTaO!-Bo0^. 
The exact composition of this phase is not known, although it may be assumed to 

be essentially Ba^Ta^O-^ with perhaps some YgO- in solution.  However, unlike the 
bronze solid solution, uhe homogeneity region öf theSphase does not extend to the 

BaO-YTaO^ join;  its occurrence as a primary phase in the system BaO-YTaOh-B_.0_ 
attests to the non-ternary behavior of this system. ^ 

Ba^Og 

Levin and McMurdie (Ref. 18) show Ba-^Bp0,. to be the primary phase in the 

system BaO-BgO, in mixtures containing about 78 to 87 percent BaO.  According to 

the above authors, Ba-JUO/r hydrates anr1 carbonates rapidly when left in air: a 

sample exposed overnight to a relative humidity above 90^ gave the X-ray pattern 

of BaCOo.  In the current experiments X-ray photograpns were taken promptly after 

quenching the samples into mercury, and patterns for samples 65-Ol6a. 0l6b^ 017a, 

and 028a included the seven or eight strongest reflections for Ba-B^O/- as 

reported by Levin and McMurdie, and no reflections that could be attributed to 

either BaCO^ or Ba(OIl)^. 
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The evidence for assigning BaO as an equilibrium crystalline phase in two of 

the quench runs was indirect. Samples of composition 70 weight percent BaOj, 20 

weight percent YTaCk quenched from I38O and 1300^ (sample 65-Ol6a and b respec- 

tively) showed X-ray patterns for perovskite and Ba^B 0^ only. However, the 

material had a strong lavender discoloration indicative of reaction of free 

BaO with the platinum quench packet , whereas samples close in composition to 

samples 65-Ol6a and b (e.g. samples 65-017a and 6^-028a) shewed no such discolor- 
ation. 

Phase Equilibrium Diagram 

Figures 20, 21 and 22 show the equilibrium diagrams, constructed from data 

in Table IX, for portions of the perovskite -BpO , perovskite -BaBoO^, and perov- 

skite-BaBpOj joins respectively. Where possible, the data for the indices of 

refraction of glasses in equilibrium with primary crystals have been used in 

drawing the liquidus curves. All three of the above joins are non-binary, since 

phases appear which cannot be expressed in terms of the two components. Figure 23 

is a map shewing the primary crystallization of all the quenched compositions. 

Figure 2k  is a projection of the liquidus surface for a portion of the system 

BaO-TTaO^-BJD in the neighborhood of the perovskite field, constructed so as to be 

consistent with all the data of Table IX, using Figs. 20, 21, and 22 as guides to 

drawing the isotherms. The diagram indicates non-ternary equilibrium. 

The data are insufficient to definitely fix the boundary curve between the 

fields of^6 and BaJB 0^-, which could be drawn either to the left or to the right 

of the composition 55 weight percent BaO, 20 weight percent YTaO^; the boundary 

curve was drawn to the left on the basis of a greater intensity of ,5 X-ray reflec- 

tions than of Ba^B 0^ reflections from sample 65-017a. 

The composition of eutecticc indicated between BaO and perovskite, and 

between perovskite and YTaO^, and consequently, the position of the boundary curves 

between the primary fields of BaO and perovskite and between perovskite and YTaO^ 

were drawn arbitrarily, although with regard for the tracking of isotherms. 

The reaction of BaO with platinr.m has been reported frequently in the literature, 

see, for example, Ref. 18. 
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An iateresting feature of the diagram is the fact that the primary field of 

the BaTaoO-- solid solution (ci. Phase) pinches off before intersecting the BaO^ 

iTaOh Join. This implies that yttrium substituted BaTaoO, decomposes to perov- 

skite and fergusonite at some temperature above at least iUO(Po?  but below the 

liquidus. 

Optimum Conditions for Flux-Growth of Ferovskite 

In general, flux growth of single crystals of a given i ase is most easily 

accomplished in the region of a phase diagram where the primary crystals arc in 

quilibrium with only liquid over the greatest possible practical temperature 

range, and where the liquidus surface is not too steep. Since, as a melt of a 

given composition is cooled and primary crystallization occurs, the composition 

of the remaining liquid in equilibrium with crystals changes along a straight 

line drawn through the original composition directly away from the composition 

that is crystallizing out of the liquid, the obvious choice of compositions in a 

ternary diagram will lie on a straight line drawn from the primary crystal 

composition to the lowest melting four-phase equilibrium point.  It can be seen 

from Fig. 23 that this condition is obtained for compositions along a line between 

perovskite and the reaction point involving perovskite, cc , ß   ,  and liquid, which 
has the approximate composition 59 weight percent BaO, 20 weight percent YTaO^ and 

21 weight, percent BpO^. 

e 
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APPENDIX II 

PREPARATION OF SINGLE CRYSTALS OF COMPLEX 

PEROVSKITE FERROELECTRIC AND SEKTCONDUCTING COMPOUNDS 

F. Galasso and W. Darby 

(Published in Inorganic Chemistry, k,  Jl  (I965)) 
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Preparation of 3Ingle Cry^als of Complex 

Pcrovskite Ferroelectric and Semiconducting Coapound£ 

Francis Galas so and Wilda Darby- 

United Aircraft Corporation 

Research Laboratories 

East Hartford,  Connecticut 

SUMMAPY 

Single crystals of ferroelectric perovskite-type compounds with the general 

formula Pb(^) CBQ c)0o where B' is scandium or iron and B" is niobium or 

tantalum, and single crystals of some new semiconducting perovskite-type compounds 

with the general formula La(p^ cE^ c)0o where B' is a divalent ion and B77  is 

ruthenium or iridium were prepared from a flux and characterized by means of 

X-ray diffraction. Resistivity versus temperature measurements made on crystals 

of two of the compounds, La(Nio.5Ruo.5)03 and La(Mgo.5^^0.5)03, showed that they 

exhibited typical semiconductor behavior with conduction activation energies of 

.120 ev and .0^6 ev, respectively. 

INTRODUCTION 

Several years ago a large number of new complex compounds which contained 

two B elements of different valence states in the octahedrally coordinated posi- 

tion of the perovskite structure "ere prepared and studied by means of X-ray 

diffraction (Refs. 3,   J+).  In Ref. 3> these compounds were reported as a new 

group of structurally related materials with good potential electronic applica- 

tion. A recent survey of compounds of this type, however, has revealed that al- 

though over two hundred of them have been prepared to date, the electrical proper- 

ties of only a few compounds have been investigated. In addition, most of these 

studies were made on powder compacts whose properties often are dependent on the 

conditions of preparation. As a consequence, investigations were initiated at 

the United Aircraft Research Laboratories on the preparation of single crystals 
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of complex perovskite-type compounds with two ions in the B position. The studies, 

which are reportaa in this paper, have resulted in the preparation of single 

crystals of complex ferroelectric compounds prepared previously as powders and 

also of aingle crystals of several low-resistance complex perovskite-type compounds, 

EXPERIMENTAL STUDY 

Ferroelectric Perovskite Compounds 

The first investigations were directed towards the preparation of single 

crystals of four complex perovskite-type compounds whose compositions can bc 

represented hy the general formula P^CBQ,5^3,5)03 where B is scandium or Iron 

and B* is niohium or tantalum. These compounds were of particular interest he- 

cause they were reported as having ferroelectric properties. Their Curie tempera- 

tures, which were measured on powder compacts, are reported r Tahle XI. 

The techniques used for crystal growth were similar to either ^emeika's lead 

oxide flux (Ref. 26)or Nielsen's lead ^xide-lead fluoride flux (Ref. 27) methods. 

The flux and all tne reactants, PhO, ScgOo, FegCb, Nb2Ck and TagOc, used to grow 

single crystals of Pb(Bo#-^I^'. 5)03-type compounds were all reagent grade chemicals. 

The perovskite samples were prepared as powders and fired for several hours at 

800°, mixed with the flux and then packed into platinum crucibles.  Covers were 

put on firmly to prevent excess vaporization of the flux. The filled crucibles 

were placed in a platinum-13^ rhodium wound furnace and held at a maximum tempera- 

ture for two hours.  Cooling was controlled by a Thermovolt Electronic Program 

Controller. 

Fb(Sc, 

86 wt $ lead 

;Q ^NbQ c)Oj crystals were prepared from a flux-sample mixture containing 

;-ad oxide flux. The mixture was cooled from 1150 to 900oC at 30o/hr. 

Fb(ScQ 5TaQ 5)0^ crystals were grown from a mixture containing ^2.5 wt f, 
lead oxide and U2.5 wt. $ lead fluoride flux. These samples were cooled from 

1325° xo  1025° at 250/hr. 

PbCFeQ^NbQ c)0o and Pb(FeQ cTaQ_ 5)0^ crystals were prepared following 

Remeika's technique. These samples were cooled at 50/br from 1230 to SJOC^C. 

For growing crystals of Pb(Feo.^NbQ.5)03 and Pb(Feo.^Tao.5)03, 6H wt $ lead 
oxide was mixed with the former compound and 5^ wt. $ lead oxide mixed with the 

latter, and the samples were cooled at 50/hr from 1230 to 80CPc. 

The Pb(Sc0>5Kb0(5)03, Pb(Fe0j^Ta^5)03 and Pb(Cco<513^^5)03 crystals ob- 

tained using these procedures were small cubes about 1 mm on edge, while the 
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Pb( Feg_ CjNbQ. 5)^3 crystals were slightly larger and more irregular in shape. All, 
Ffc^I^ ^"BQ  q)0o crystals were dark "brown in color except for crystals of 

Pb(ScQi qNbo, 5)03 which were dark blue to black.  Crystal cubes of P"b(Sco. sTa^ 5)0;- 

were joined together in flat sheets which seern to have grown in layers parallel to 

the bottom of the crucible. 

X-ray precession photographs were taken of a well-formed crystal of each 

compound to insure that it was single.  These pnotographs showed patterns which 

indicated that they had perovskite-type structures. Powder diffraction photo- 

graphs of ground crystals taken using a 57.3 J^ Philips X-ray camera with copper 

radiation confirmed the single crystal diffraction data and showed no evidence of 

ordering of the B ions in the structure of any of the compounds.  It should he 

noted, however, that the back reflection lines in the X-ray powder pattern of 

Fb(ScQ#^Nbc^ 5)03 were broad, which may mean that its unit cell is slightly 
distorted from the one found in the ideal cubic perovskite structure, or that the 

crystal was not uniform in composition. The unit cell sizes for the Fbi'BQ^^B^^O: 
type compounds are given in Table XI. These must be presumed to be cell parameter: 

of the cubic pseudocells, even though ehe splitting of back reflection lines could 

not be detected because ferroelectric crystals cannot be perfectly cubic. 

Semiconducting Perovskite Compounds 

Attempts rJ so were made to prepare a number of new perovskite-type compounds 

with the general formula La(E^) HBQ  5)03 where B7 is a divalent ion and B* is Ru 

or Ir in a single crystal form. These black compounds were produced initially 

as powders at the Eesearch Laboratories by mixing reagent grade I^Cb, a divalent 

metal oxide, and RuOg or IrOg in a 1:1:1 molar ratio and firing the mixture in 

air at 1150 for 2k  hr.  These materials were of interest because of their low 
electrical resistances and stability in air. 

Single crystals of four of the La(^ =^ q)Cb-type compounds were prepared 

using either a lead oxide or a lead oxide-lead fluoride flux with enough Lapu-,, 

a divalent metal oxide, and RuOg or IrQg to form the desired compound (Refs, 26, 

27).  The flux techniques employed were similar to those used to grow the 

Fb(Bot^I^x5)03-type crystals. The amount and composition of the fluxes, firing 

conditions, and cooling rates are given in Table XII.  The resulting black 

crystals were cubic in shape. 

X-ray powder diffraction photographs, taken of the powders and ground 

crystals, showed the typical perovskite pattern with extra lines.  However^ the 

entire diffraction pattern of these compounds still could be indexed on the 

basis of a cubic unit cell with an edge twice the length of the simple perovskite 

cell "a" axis. A typical indexing, in this case, for La(NiQ CRUQ s/Or» ii; given 
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in Table XIII and the unit cell sizes for all of the La(^)#qE^ ^Oo-type cosrpounds 

prepared in this study are given in Table JIV. The cell sizes observed indicate 

that magnesiura and zinc both have larger effective ionic radii than nickel. The 

fact that the magnesium ions appear to be larger than the nickel ions is consistent 

with the results obtained for ordered A(E^o'5TlTbo.67)^3 perovskite-type compounds 
(Ref. 9). The much smaller cell size found for compounds which contain manganese, 

however, probably means that the manganese is in the trivalent state. It should be 

noted that the lattice type for these compounds is simple cubic and not face- 

centered cubic as it is for the ordered Ba(^)# 51^0,5)0^ perovsklte-type compounds 

prepared in a previous study (Ref. 11). Precession X-ray photographs of the single 

crystals showed diffraction symmetry to be rn3m and a systematic absence of hOO 

reflections when h is odd. Therefore, the crystals probably belong to the L-pace 

group P^32. 

Although the low resistances of all of these compounds were confirmed by 

single measurements, only the single crystals of two of them, La^ic^ ^RUQ^OJ and 

La(Mgo.5Ruo.5)03, were found to be sufficiently large and well-shaped so that 

platinum paste electrodes could be applied to the faces and extensive electrical 

resistivity measurements made. The former cubic crystals were 2 mm on an edge 

while the latter were 1 mm on an edge. A constant current was applied and the 

voltage drop was measured across a standard resistor in series with the crystal. 

The plots of log resistivity versus iOOO/T for La(Nio. 5Ruo<5)03 and La(.Mgo. ^^0.5)03 
shown in Fig. 25 are typical of semiconductors.  Calculations from these plots show 

that the conduction activation energies for these compounds are ,120 ev and .0^ ev, 

respectively. 

CONCLUSIONS 

The growth of single crystals of several complex perovskite-type compounds, 

although the crystals are not large-, is a step toward obtaining many of these 

materials in a suitable form for good electrical measurements.  Crystals of 

La(Nio.5^^0.5)03 and La(Mgo.5RU0.5)03, for Instance, were large enough to make 

meaningful resistivity measurements.  It is realized that other techniques of 

crystal growing besides the flux technique may produce larger crystals of complex 

perovskite-type compounds. In this connec*.'on, in estlgations of growing these 

crystals by the Czochralski and Verneuil techniques are presently being conducted 

at the Research Laboratories. 
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TAHLE I 

• ra: LÄ1 lor  wiBton »^ .wj uraes 'erQViikite-Type Compounds 

Ba(La0#5Ta0#5)03 la(Gdcv 3Ta0.5)03 

a0=o.b 

)         "  ote.,   X 

5.00 

704 A 

I/Io 

ho 

ao- 8.107, fl.                           _.                             P.                              Cjl               '"                              / { 

hkl (obs. hkl  \vb3.) 

Ill 

obo.,  A 

4.90 

T./T. 

ill 30 

JOOJ 020 ^.3^ 40 200 H.25 30 

220 3.05 100 220 3.00 100 

311 2.60 30 311 2.555 20 

£22 2.50 10 222 2.450 10 

200,OkQ 2.159 70 Uoo 2.122 70 

k20 1.925 20 420 1,89k 10 

h22 1.761 80 k22 I.732 90 

333 1.666 20 kko 1.501 60 

koh 1.535 30 620 1.341 70 

kko 1.525 60 m 1.225 50 

250 1.365 60 642 1.13^ 70 

Wi 1.253 20 800 I.060 20 

326 1.2V7 30 822.660 0.999 40 

264,62^ 1.159 ho 408 O.95O 20 

ii62,6^2 1.15^ 70 8^0 0.946 ko 
080 l.OBO 30 646 O.906 3,0 

800 1.076 30 U18 0.868 30 

308 1.02ii 60 84^ 0.866 4>J 

822 1.016 6n 2,0,10 0.834 30 

840 0.96^ 10 10,2.0 0.832 80 

508 0.92« 30 4,2,10 0.777 50 

805 O.918 U) 0.775 80 

h09 O.OOf on 

m 0.883 20 

m 0.882 30 
10,1,1 u. ops: 20 

0,10,2 0.847 40 

10 0 2 0.8^5 70 

0.793 20 

1,1,11 0.790 20 

^10,2 0.789 30 

10,4,2 O.787 30 

0,11,0 0.7S5 40 

11,0,0 O.783 20 
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TABLE II 

X-ray Data for Cubic, Ordered Perovskite-I*ype Compounds 

Ba(lty0-518^5)03 Ba(Ho0j ^80^)03 1^0^51-80^5)03 

hkl dpbs j I/IQ Apbs A l/lp dobs j l/l< 

111 U.88 30 U.88 UO kM 50 
200 4.22 30 4,22 30 k.2k 
220 2.98 100 2.98 100 2.98 10 
311 2.54U 10 2,5kk 20 2.5^3 30 
222 2.445 10 2.438 10 2.430 20 
I4OO 2.113 80 2.109 80 2.108 70 

33-1 
420 1,88? 20 
422        1.725      90 1.721 90 1.722 

511,333 1.622 10 1.624      20 

äobs A l/lo 

4.88 40 
4,22 30 
2.98 100 
2.54U 20 
2.438 10 
2.109 80 

1.93^ 10 

1.721 90 
1.622 10 
1.491 70 
1.426 4o 
1.409 30 
1.335 70 

1.219 30 
1,183 10 

1.127 80 

I.054 30 

440 1.495      60      1.491 70 1.491      60 
531 1.^26 40 1.424      20 

600,442 

620 I.337       70       1.335 T i.lib 
622 

444 1.220      50      1.219 30 1.217      40 

711,551 
640 

533 
642       1.130     80     1.127     80     1.127 

731,553 
800       1.057     30     i.ojk 30     1.053     20 

733 
820,644 
822,660      0 998     50     0.994     70     0.994     50 

751,555 
662 

840       0.945     4o     0.944     60     0.942     50 

911,753 
664        0.901     40     0.900     60     O.899     30 

931 
844 0.863 50 0.861 70 0.860 40 

933^55,771 
10,0,0 

10,2,0;862 0,829 80 0.828 90 0.827 TO 
951,773 
10,2,2 

953 0.787 10 
10,4,0;864 
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TABLE II   (cont!d) 

Ba(Ern 5^5)03 BaCTm^ ,5Ta0.5)03 
Ba(Yb0< ,5TaO.5)03 

ao ^ 8.423 Ä ao : 8.406 Ä ao - 8.390 Ä 

hkl dobs Ä I/Io dobs ^ l/lo dobs Ä l/lo 

i 1.1 U.86 20 U.82 < 10 

200 4.21 40 4.i8 10 4.20 50 

220 S.97 100 2.97 100 2.96 100 

311 
222 
köö 2.103 70 2.099 80 2.099 80 

331 
U2U x,88l 20 1.879 10 I.679 30 

^22 1.720 90 1.711 90 1.714 90 

511,333 
kko 1.491 70 1.485 60 1.485 70 

531 
600?Mf2 1.404 10 1.398 20 

620 1.332 70 1.329 70 1.329 70 

622 
khk 1.215 60 1.212 40 1.212 30 

T11J551 
61+0 

533 
6h2 1.125 80 1.123 80 1,121 80 

731,553 
800 I.052 30 1.048 30 

733 
820,641+ 
822,660 0.992 70 0.991 50 0.988 60 

'5^555 
662 
BLO ü.94i 70 0,940 4o 0.938 60 

911,753 
664 0.898 60 0.897 ko 0V89^ 50 

931 
m 0.860 70 0,858 40 O.856 60 

933;
755.,77i 

10,2,01862 0.826 •90 O.825 60 O.823 90 

951^773 
1 ■"":       O       O 

953 
10,4,0:864 0.782 20 0.779 20 
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TABLE II   (cont'd) 

Ba(Luo. 5TaO.5)03 BaClno,5180^5)03 Ba(Sco) ,5780.5)03 

ao = 8.372 Ä ao = 8.280 A ao - 8.222 Ä 

hkl ^bs ^ l/l0 ^bs ^ l/lo ^obs ^ l/lo 

111 4.76 30 ^.75 50 
200 4.20 50 4.14 50 4.12 10 
220 2.96 100 2.93 100 2.91 100 
3n 2.501 20 2.478 40 
222 2.388 30 2.373 30 
400 2.095 70 2.071 80 2.058 70 
331 1.8? 20 
420 1.869 40 1.850 40 
422 1.710 90 1.690 90 1.680 80 

511,333 1.591 20 1.582 20 
440 1.450 60 1.464 60 1.U55 50 
531 1.399 20 1.389 20 

600,442 1.396 20 1.378 20 
620 1.324 60 I.308 70 1.302 50 
622 
444 1.209 40 1.195 50 1.188 30 

711,551 1.153 10 
640 

533 
642 1.120 70 1.105 80 1.099 70 

73-', 553 1.070 10 
800 1.046 30 1.035 40 1.029 20 
733 

820,644 
822,660 0.S66 50 0.976 70 0.969 50 
751,555 

662 
840 0.936 50 0.926 70 0.919 40 

911,753 
664 0.892 4o 0.882 40 0.877 40 
931 
844 0.854 50 0.845 50 0.839 50 

933,755,771 
10,0,0 

10,2,0;862 0.821 80 0.81? 80 0.806 80 
951,773 0.795 10 
10,2,2 

953 
lü,4,0;864 0.777 10 
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TABLE III 

Structure Data for BaCB-^Q^TaQ^O^-Type Compounds 

Diff.   in Atomic 
Diff.  in Ionic Scattering Factor 

Pero -sKLte           Lattice Parameters, A     Radii of B Ions,  A of B Ion       

3a(La<)> 5180.5)03               ao = 8.6ll M Ik 
bo = 8.639 
c0 = 8.16k 

Ba(Nd0#5Ta0#5)03               ao = 8.556 .35 11 

Ba(Sm0#5Ta0#5)03              ao = 8.519 .32 9 

Bal'EuQ^ 5180^5)03                a0 = 8.506 .31 8 

Ba(Gd0>5X8^^5)03               ao = 8.^8? .30 7 
c0 = 8.513 

Ba(Dy0# 518^ 5)03               a0 = 8.1+5^ .26 5 

Ba(Ho0#5Ta<)#5)03                a0 = 8.^2 .25 k 

'<, 32 

Ba(Er0!5Ta0<5)03 a0 = 8.^3 .23 3 

Ba(Bn0>5Ta0>5)03 a0 = 8.iK)6 .22 2 

Ba(Yb0#5Ta0#5)03 a0 = 8.390 .20 1 

Ba^u^ 5X8^ 5)03 a0 = 8.372 .18 0 

BaClriQ^ 51^^)03 a0 = 8.J8O .10 22 

Ba(Sc0#5180^5)03 a0 = 8.236 .06 50 

* Values for the B34" ion radii as obtained in the present study. 

The radius used for Ta5+ as determined by Ahrens. 
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TABLE  TZ 

Radii for Trivalent Cations 

B3+ Ion 

o 
Radius,A- 

Ahrens 

From Previous 

UAC Study 

This 

Study 

La l.lh 1.11» 

Nd l.Oh i.ou 1.03 

Sm 1.00 1.00 1.00 

Eu .98 .99 .99 

Gd .97 .98 .98 

Dy .92 .92 .9h 

Y .92 .93 

Ho .91 .91 .93 

Er .89 .91 .91 

Tn .8? .90 .90 

Yb .86 .86 .88 

Lu .85 .85 .86 

In .81 .78 .78 

Sc ,81 .lh ,7k 
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TABLE V 

M3
+
 and Cr3+ Doped,  Ordered Perovskite-Type Compounds 

Nd      Doped Compounds 

Ba(Y^95Nd3j05Tat500)03 

Ba(Lu#1|8oM3j2Ta#500)03 

Ba(ln#U8oNd3j2Tat500)0.3 

Ba(Sc.i.80Nd&Ta.500)03 

Cr^+ Doped Compounds 

Ba(Y.ii80Cr?S20Ta.500)03 

Ba(Lu#lt8oCr3j20Ta#500)03 

Ba(ln!l|8oCr3j20Ta#500)03 

Ba(Sc#48oCr3j20Ta#500)03 

Firing Temp    C 

1600 

1600 

lUOO 

l600 

Firing Temp 0C 

1580 

l600 

l600 

1650 
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TABLE VI 

Preliminary Crystal Growth Runs 

Composition in Weight ^ 
Perovskite Flux 

25  Ba(Y0#5Ta0;5)03 BaF2 

25  Ba(Y0t5Ta0#5)03 KF*2H20 

16.5 Ba(Y0#5Ta0#5)03 BäF2 

13.1 Ba(Gd0>5Ta0j5)03 BaF2 

k      Ea(Gd0>5Ta0>5)03 BaFg 

13 Ba(La0 cTa0 c)03    BaF2 

15 Ba(Scc  cTa0<5)03 BaF2 

93 Ba(Lu0#5Ta0>5)03 BaF2 

13 Ba(ln0j5Ta0>5)o3 BaF2 

7 Ba(ln0  cTa0  JCU BaF2-BaCl2 

5 Ba(Y0>5Ta0<5)03 BaF2 

9.5 Ba(ln0#5Ta0#5)03 BaF2 

50 Ba(Y0<5Ta0#5)03 FbO-FbF2 

8 Ba(Gd0^Ta0#5)03 GdF3 

Soak     Cooling Rate 
0C/hour 

9 

6 

12 

T 0C Ifo'ur 

IHOO 1.5 

900 2.5 

li+OO 7 

1^+00   5 

1415  15 

8      Ba(Lu0#5Ta0^5)03    Bar2 1^+60      l8 

1432  15 

1385 20 

1385 3.5 

1385 5 

1330 k 

1385 20 

1^52 15 

1020 13 

3.5 

k 

1 

k 

h 

k 

h.h 

1335  13 

Observations 

no crystals 

no crystals 

yellow to orange cubic 
crystals < ^ ram - x-ray, 
ordered perovskite 

few very small crystals 

black crystals < |- mm - 
x-ray, ordered perovskite 
(distorted) 

thin blue plates < ^ mm 
on edge 

black, irregular shaped 
crystals up to 1 mm 

yellow crystals < ^ mm 

no crystals 

no crystals 

no crystals 

no crystals 

no crystals 

no crystals-perovskite 
powder has smaller cell 
size due to Pb substitutioi 

no crystals 
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TABLE VII 

Solubility Data for Ba(Y  Ta q)0 in BaF9 

Heat Treatment Spectrochemical Analysis 

w/o Ta     w/o Y 

heat up slowly from room temperature, 

soak 1.5 hours at lh200C 

heat up from 1^20 to 15200C, 1.5 hour 

soak 

cooled from 1520 to 13500C, soaked 18 hours, 

then heated to l6l0oC, soaked 1 hour 

cooled from l6l00C to room temperature, 

reheated to 15350C, 3A-hour soak 

cooled from 1535 to lU050C, 1-hour soak 

1.1 .21 

2.1 .38 

3.9 .78 

2.3 .38 

1.0 .19 
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TABLE VIII 

Flucrescence Bnission Data for Nd3+  in Perovskite Host; 

Prominent Half Power Relative 
Compound Line Peaks 

0.877 h 

Width Intensity 

3.6* 

Temperature 

,Nd?02Ta. 50)03 500 % 300° K 

I.060 350 2.7 

0.877 U80 8.2 77° 

ta(Y.i+95Nd?0O5Ta.5O0)o3 

Ba(Lu#1|öM3j2Ta>50)03 

1.060 7.6 

0.985 9.6 

0.695 1.3 300° 

1.060 1.7 

O.896 2.h 77° 

1.066 2,2 

O.980 3.^ 

0.893 510 3.^ 300° 

1.066 430 3.0 

O.98U 8.5 77° 

1.072 2.6 
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TABLE IX 

Quench Data  for Samples  in the System EaO-YTaO^-BoO^ 

casspie riD, 

6U-322 

64.323 

64-325 

64-3311 
64-331k 
64-331J 
64-33U 

64-371a 

64-357c 

64-357a 
64-35Tb 
64-35Td 

64-374a 

64-427d 
6U-427b 
64-427f 
64-427c 
64-427a 

64-368g 
64-368h 
64-368b 
64-368a 
64-368c 
64-368d 
64-3686 
64-3681 

Composition  in Weight $ 
BaO YTaOi^ BoOj T 0C 

62.8 

31.5 
23.5 
18.7 

33.4 
33.^ 
33.^ 
33.^ 

35.9 

40.7 

37.2 
68.5 
76.5 
81.3 

36.6 
36.6 
36.6 
36.6 

39.1 

38.2 41.8 
38.2 41.8 
38.2 41.8 
38.2 41.8 

^4.3 

41,8 45.7 
41.8 ^5.7 
41.8 45.7 
41.8 45.7 
41.8 45.7 

43 47 
43 47 
43 47 
43 47 
^3 47 
43 47 
43 47 
^3 47 

0 
0 
0 
0 

30 
30 
30 
30 

25 

20 
20 
20 
20 

15 

12.5 
12.5 
12.5 
12.5 
12.5 

10 
10 
10 
10 
10 
10 
10 
10 

1450 
1450 
1450 
1450 

13^5 
1240 
1110 

1345 

I39O 
1310 
1235 
ll60 

1420 

1593 
1480 
1432 
1368 

1315 

1720 

1557 

1395 
1305 
1205 
1172 

1025 

925 

Phases Present 

P + BaO 
P + a 
P(tr) + a 

a 

gl 77 = I.667 
gl 77 = I.669 
gl 77 = I.665 
gl 77 = I.632 + YTaOi^ 

gl -7 = 1.750 

gl ^ = 1.770 
glr,   :. 1.770 
gl 77 - 1.743 +  a 
gl 77 := 1.740 + a 

gl *? = 1.795 

gl   77^ 1.82 + qx 
gl  77 ^ 1.82 + qx + P(tr) 
gl  77^, 1.82 + qx + P 
gl 1? + qx + P 
gl   '/}= 1.787 + P +o(tr) 

77 «.. 1,83 + qx + P(tr) 
7)~ I.83 + qx + P 

gl   77   ~   1.82   +   qx   +   P 
gl 77 = 1.787+ P + a 
gl 77 ^ 1.753+ P +a 

+ P + a 
+ p + a 
+ P + a   + ß 

gl 
gl 

gi 
gl 
gl 

40 
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TABLE IX(cont'd) 

Sample No. Compos .ition  in Weight $ Phases  Present 
BaO YT0O4 E2O3 

30 

T 0C 

1150 gl 6i+-3lUb 26 
64-31 lie hk 26 30 950 gl + a 

64-396 h5 30 25 1200 gl  V = 1.737 
64-396a 45 30 25 1100 gl  17 = 1.725 + a   (tr) 
64-396b 45 30 25 1035 gl + a 

64-396c 45 30 25 908 unidentified solid phase 

64-4lla 45.5 3^.5 20 1300 gl V = 1.762 
64-4llb 45.5 34.5 20 1215 gl V = 1.745 + a 

64.4iCc 46 39 15 1305 gl V - 1.780 
64-4l2b 46 39 15 1210 gl V = 1.747 + 0 

64-4l7e 47 43 10 1470 gl V = 1.797 + P 
64-4l7f 47 ^3 10 1342 gl V = 1.778 + P 
64-4l7b 47 ^3 10 1315 gl 1 = 1.778 + P 
64.4i7c 47 43 10 1300 gl + P + a 

64-4l7d 47 43 10 1253 gl - p + a 

64-4l7a 47 43 10 1145 gl + P   +Q 

65.014a 60.5 19.5 20 1280 gl V -   1.725 
65-Ol4c 60.5 19.5 20 1049 gl 1 -   1.725 
65-Ol4b 60.5 19.5 20 1005 gl7? = 1.725 +/3   (tr) 

65-002e 57 28 15 1480 gl V = 1.773 4  qx 
65-002d 57 28 15 1360 gl"*? = 1.755 + P(tr) 
65-002C 57 28 15 1230 gl V = 1.757 + P 
65-002b 57 28 15 1193 gl1? - 1.743 + P 
65-(X)2a 57 28 15 1100 gl 1 = 1.733 + P 

65-COlb 54 36 10 1106 gl V - 1.735 + P 
65-OOla 54 36 10 1083 giv - 1.735 + P 
65-OOlc 54 36 10 1050 gl V - 1.725 + P 
65-OOld 54 36 10 1000 gl V - 1.725 + P 
65-OOIJ 54 36 10 978 gl(tr)  + P +/3  (tr) 
65-OOli 5^ 36 10 945 ß  + weak unidentified 
65-001g 54 36 10 927 n  + weak unidentified 

41 



D910269-3 

TABLE IX(cont'd) 

Sample No. Compos ition  in We ight $ Phases  Present 

BaO 

55 

YTaOt B2O3 

22 

T 0C 

1055 65-052a 23 gl + a  (tr) 

65-052b 55 23 22 1011 gl  + a 

65-Ol6b 70 20 10 1380 P + BaO    + Ba3B206 

65-Ol6a TO 20 10 1300 P +  BaO    + Ba^O^ 

65-028a 63 27 10 1300 gl + P + 3a3B206 (tr) 

65-017a 65 20 15 1005 gl + /3 + Ba3B206 

65-Ol8a 50 20 30 1010 gl 7?  = 1.6c-, Q  + ß 

65-015a 30 60 10 1368 gl  + YTaOl+ 

65-OI5b 30 60 10 1295 gl  + YTaO^ + Q 

65-039a 35 50 15 1300 gl + YTaO^ + a 

65-051a 35 55 10 1358 gl + YTaO^ + a  (tr) 

65-038a 39 50 11 1297 gl + P(tr) + a 

h2 

oV >^ SSL. 
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6k-38Q 

TABLE IX(cont'd) 

Quattmary Compositions 

Sample No.      Composition in Weight ^ 
BaO    Y2O3    Ta205   B2O3   T ÜC 

^?.25   1?.' 27.5 10 

Phases Present 

1200   gl + F + 

Sh-^gka U5.5    18.^    22.6    13.5   1200   gl + unidentified phases 
w-Sghh 1+5,5    18.^    22.6    13.5   1100   gl + o + unidentified phases 

61+.398      45.58   17.88   26.04   10.5   1200   gl + P + unidentified 

gl  = glass 

=  index of refraction 

P        = Ba(Y0#5Ta045)03 

ü       = phase isomorphous with 
BaTajjOg 

ß      - phase isomorphous with 

(tr)  = trace 

qx  = quenching crystals (see text) 

the criterion for assigning BaO as a 
crystalline phase is explained in 
the text 

^3 



TAbLE   X 

X-ray Patterns ol  YTaOl* 

Ferguson 
hkl_ _d I/Ic 

020 5.^7 10 
110 ^.79 ho 

121 3.1^ 100 
130 3.02 5 
031,121 2,9h 100 
Oho 2.1h ho 
200 2,6h ho 
002 2.52 30 

220,211 2.38 5 
112,022 2.30 5 

112,lUl 2.If 30 

531,150,0^1 2.02 20 
231,^02 1.921 30 
2U0 1.901 5C 
0h2 1.8U6 60 

202,310 l.Tla 30 

321.251 1.639 60 
152 1.605 20 

251,2i+2 1.570 60 
152 1.5^9 30 
071 I.V94 50 
213 1.467 20 

UAC** 

d I/Io 

5.^5 35 
5.05 4o 
3.78 35 
3.71 35 
3.16 100 

2.92 100 
2.72 40 
2.63 40 
2.5^ 4o 
2^51 10 
2.4.17 30 
2.370 1 
2.300 7 
2.231 10 
2.191 7 
2.1U3 30 
2.063 10 
2.035 8 
1.941 4o 
1.893 40 
1.357 50 
1.822 5 
1.799 10 
1.733 35 
1.710 40 
1.642 50 
1.611 12 
1.595 20 
1.581 15 
i.539 35 
1.500 45 
1.474 20 

44 



Ferguson 
hkl 

TABLE   X   (cont'd) 

I/Io 
UAC ** 

1.^63 
lM3 

I£lc 

20 
IC 

plus many additional lines 

*a Sample prepared by arc fusion at aoout 21000C 

** 
Sample reacted in the solid state at about l400oC; 

also obtained as primary crystals from B2O0 flux 

at 10150C and 13680C. 

^5 



TABLE XI 

Cell Sxzes and Ferroelectric Data for Fb(BQ ,-B Q c)Oo-Type Compounds 

9 * o Compound                                        Cell Size, A Curie Temp.^    C 

Pb(Sc0#5Nb0#5)03                                     i+.086 90 ^23^ 

Fb(Sc0i5Ta0#5)03                                      h.oBO 26 (^ 

Fb{Fe0#5NTD0#5)03                                      4.017 112 ^2^ 

Pb(Fe0#5Ta0#5)03                                    4.011 -30 ^2^ 

* 
Pseudocublc cell size 

k6 



TABLE XII 

Crystal Growing Data for LaCB^^B^^r^O^-Type Compounds 

Compound 

l0.51YU0.5^3 

Flux 

^NV^ q)03      PbO 

FbQ.FbFp 

La(Ni0^Ir0<5)03 PbCFbFp 

La(Mg0>5Ru0>5)03 Pt)0.FbF2 

La(Zn0>5Ru0#5)03      PbO 

Flux: 
Sample Ratio 

vt. $ 
Temp. 

Range,  0C 
Cooling 

Rate,  0/hr 

30 

Crystal Size 
mm edge 

85:15 1300-850 0.5 max. 

85:15 I3OO-IUOO 30 2 

85:15 1300-1000 30 0.5 

85:15 1320-10OO 30 1 

80:20 1300-25 50 0.1 

h7 



TABLE XIII 

X-ray Data for La(Ni0 J^UQ r)0 

Wd. I/IQ dobs I dcai A 

111 10 U.55 4.56 
200 U0 3,91 3.95 
210 10 3.52 3.53 
220 100 2,78 2.78 
221 10 2.62 2.63 
311 10 2.37 2.38 
222 50 2.27 2.23 
320 10 2,18 2.19 
400 SO 1.970 1.975 
kio 30 1.915 1.916 
420 ho 1,765 1.767 
421 40 1.722 1.724 
422 90 1.611 1.613 
430 <10 1.578 1.580 

432,520 20 1.465 1.467 
440 60 1.395 1.397 

522.441 <10 1.374 1.375 
531 <10 1.335 1.336 

600.442 <10 1.317 1.317 
610 <io 1.298 1.299 
620 70 1.248 1.249 

621,540 20 1,233 1.23^ 
622 10 1.191 1,191 
630 20 I.I78 1.178 
444 50 1,140 l*l40 
632 10 1,129 1.130 

641,720 <10 1.082 1.086 
642 80 1,055 1.056 
722 < 10 1.044 1.048 
650 10 1,010 1,012 

48 



TABLE XIV 

Lattice Parameters  for La(B,;  qB*n  c)c^.-Tvt)e Compounds 

Com poi.iiid 

LaCNlQ ^^5)03 

La(Ni0a5Ir0>5)03 

La(Mn055Ru0# 5)0-3 

LafMn0#5Ir0^)03 

La(MgOj5R^>5)03 

La(MgOe5Ir0i5)03 

La(Zn0e5Bu0j3)03 

Cell Si, ie, A 

7,90 a 

T,90 cl 

,84 b 

T186 b 

^91 a 

7.9^ b 

7.97 c 

a) From X-ray «.. ta for ground single crystals 

b) From single crystal X-ray data 

e)    From X-ray data for powder samples 

liy 
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D9I0269-3 FIG    4 

ORDERED   SPINEL   STRUCTURE,   ZnLiNb04 

\Zl,. 
- Zn O-i     ® Nb - 0 

CATION    POSITIONS    AT   ONE-EIGHTH    LEVELS    IN   UNIT   CELL 

i © © "0 o 1 
p 0 m m\ 

m © o P 
o 0 © f 

Z   -  1/8 3/6 5/8 7/8 

Z = 0 1/4 1/2 3/4 
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BaY0.5TQ0.503 CRYSTALS 

GROWN   FROM   BaF2    FUJX   (85 w/o) 

BY   COOLING  FROM  I4000C   AT   l20C/hr. 

MAGNIRCAT!ON: 10 X 

FIG.  6 
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D9I0269-3 F!G.   7 

SOLUBILITY    OF    Ba(Y05Ta0 5)03    IN   B0F2 
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BORON    NITRIDE   CRUCIBLE    FOR   GROWING    CRYSTALS 
FROM    A    FLUX    BY   A   MODIFIED    BRIDGEMAN   TECHNIQUE 

FIG   8 
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TEMPERATURE    AND   CONVECTION   PROFILE   OF   MELT 

IN   INDUCTIVELY    HEATED PLATINUM   CRUCIBLE 

FIG. 9 

A. OPEN CRUCIBLE 
AT 1490 0C 

B. OPEN CRUCIBLE 

AT  1445 0C 

C. COVERED CRUCIBLE 

AT  1440 0C 
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FLUORESCENCE    EMISSION    OF   Bo(Sc 

FIG   10 
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FLUORESCENCE 
F!G    II 

EMISSION   OF   Ba(Sc48Nd3
0^Ta50 )03   POWDER 

T ^ 77 0K 

12000 11000 10000 9000 

WAVELENGTH   -   Ä 

8000 7000 



D9I0269-3 FIG     12 

FLUORESCENCE    EMISSION   OF   BQ(Y495NdQQ5Ta000)03   POWDER 
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FLUORESCENCF    EMISSION    OF   Ba( Y495 Nd^ TQ50 )03   POWDER 

T = 77  0K 

11000 10000 9000 

WAVELENGTH   -   l 

8000 7000 
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D910269-3 
FIG. 

GRADIENT      FURNACE 

SCALE      I cm « ! inch 

H — 

A) ZIRCON IA   COVER 

B) TRANSITE- lop and   bottom 

0)     l/e"  WALL ALUMINA   MUFFLE 

D) 032"  pt/40rh    WINDING- 
10 ?ums  per   Inch 

E) CASTABLE    ALUMINA AND 
ALUMINA  BUBBLES 

F) K-30 FIREBRICK 

G) CERAFELT  • 

H) ALUMINA   SHELL 

I) K-30 FIREBRICK PLUG 

J) CONTROL   THERMOCOUPLE 

K) POSmONING    SCALE 



091(^69-3 FIG    l8 

SAMPLE   65-00   2e,   57  w/o BaG,   28   w/0  YTa04,   15   w/o   B2O3 

QUENCHED   FROM    1480 0C 
IMMERSED   IN   OIL   OF   INDEX    1.75 

MAGNIFICATION: 200 x 

OS 

S/ 

*Ca 
•- 

4* 

aw 

*»    ^   V      . * 
H 4  • 

V * -. 

14.% - 

ft      I 
K 

GLASS    HAS    PARTIALLY     DEVITRIFIED,    RESULTING 

IN   THE    INCLUSION    OF    VERY    SMALL    QUENCHING 

CRYSTALS 



D9I0269-3 FIG,   19 

SAMPLE    64-427  f,   41.8   w/0   BoO,   45.7   w/0  YTa04,   12.5   w/0 B2O3 

QUENCHED   FROM    1432 0C 
IMMERSED   IN   OIL   OF   INDEX    1.75 

MAGNIFICAT!Or . 200 X 

CHIPS OF CLEAN GLASS MAY BE SEEN, AS 
WELL AS GLASS  CONTAINING  QUENCHING CRYSTALS, 

AND GLASS CONTAINING PRIMARY  CRYSTALS 
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PORTION    OF   THE    JOIN 

BaY0,5 Tao.5 O3 -        B2 O3 

FIG     20 09 
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PORTION    OF   THE    JOIN 
BaY0.5Ta0.503  " 80 B8 

FIG.  21 
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PORTION    OF   THE    JOIN 

Bato.s^osOs " BGB204 
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